INTRODUCTION
The identification of genes by positional cloning, although laborious, has been facilitated considerably by the construction of framework genetic and physical maps of the human genome. However, the actual identification of candidate gene sequences within a defined portion of the genome remains the most challenging aspect of this process. Consequently, a diverse array of methods has been devised to identify gene sequences. Essentially, these methods are variations on four themes: (i) the functional identification of coding exons [e.g., exon trapping (3) or amplification (1, 2) ], (ii) enrichment for mRNAs homologous to genomic sequences [e.g., hybrid selection (10,13)], (iii)direct, large-scale sequencing of whole genomic regions (16) or highdensity sequence sampling (11, 12) in conjunction with software capable of identifying potential coding exons (6) and (iv) direct hybridization of genomic fragments on cDNA libraries. Most strategies, except perhaps hybrid selection, for technical reasons have focused on the identification of genes using small insert-clones, such as cosmids and phages. Since most cloned framework maps are based on larger insert clones such as yeast artificial chromosomes (YACs), bacterial artificial chromosomes (BACs), P1 phage derivatives and others, approaches to identifying genes within these genomic fragments should be a priority. This is necessary because the effort required to assess several large-insert clones is considerably less than the effort involved in assessing tens or even hundreds of smaller genomic clones (e.g., cosmids or phages).
Theoretically, the most direct strategy for gene identification would be hybridization of these large-insert clones on appropriate cDNA libraries, providing direct access to expressed genes within a region of interest. While this general method has been successful in several projects (7, 14) , current protocols suffer from several limitations, the most important of which is poor signalto-noise ratio, a problem that increases with the size of the genomic clone used. Nonetheless, one major resource has recently become available that makes the further development of this approach desirable. A "normalized" (subtracted) cDNA library, comprised of more than 200 000 individually picked cDNA clones from a large number of fetal and adult human tissues, has been assembled by the I.M.A.G.E. consortium (8) . These cDNAs are being used as a core set of reagents by Washington University and Merck & Co. ( http:// genome.wustl.edu/est/ esthmpg.html ) to obtain information on expressed human genes from a limited sequence of the 3 ′ and/or 5 ′ ends of each clone. So far, sequence data from more than 150 000 clones, in addition to preliminary chromosomal mapping data, have been deposited in dbEST, a public database available on the World Wide Web ( www.ncbi.nlm.nih.gov/ dbEST/index. html ). These clones have been spotted at high density onto sets of hybridization-ready filters that are available from several vendors. Thus, hybridization of large-insert clones under appropriate conditions would lead to the precise identification of cDNA clones for which sequence information is already available. Such experiments would allow for rapid assessment of the hybridization experiments, confirming cDNA localization using polymerase chain reaction (PCR)-based strategies and rapid homology searches to known genes or translated open reading frames without recourse to any clone manipulation in the initial phases of a project. Therefore, use of this resource for large-insert clone hybridization could considerably expedite the identification of candidate genes from any genomic region of interest.
Here we describe a highly sensitive protocol for the direct hybridization of P1-derived artificial chromosomes (PACs) (average size, 120 kb), one of which contains exons of a known gene, onto the I.M.A.G.E. consortium library arrayed at high density. The results of these experiments demonstrate the remarkable sensitivity and efficacy of this approach to gene identification.
MATERIALS AND METHODS

P1-Derived Artificial Chromosomes (PACs)
Two overlapping PACs, GS-8941 (100 kb) and GS-9312 (120 kb) (Genome Systems, St. Louis, MO, USA), which form a 220-kb contig at 3p14.2, were used for these experiments. PAC GS-8941 is known to contain exons 4 (93 bp) and 5 (121 bp) of the FHIT gene (S. Kern and G.M. Hampton, unpublished), which was recently mapped to this genomic region (9).
High-Density Gridded cDNA Arrays
Filters containing the I.M.A.G.E. cDNA clones, gridded at high density, were purchased from Genome Systems. Each 20-×20-cm filter contained approximately 18 000 clones spotted redundantly at high density; the entire library consisted of 11 such filters.
Isolation, Purification and Labeling of PAC Inserts
PAC DNA was prepared essentially as described (5) . Inserts from 1 µ g of PAC DNA were excised from the vector with Not I and run on low-meltingpoint agarose gels using a CHEF-DR ® II Pulsed-Field Gel Apparatus (Bio- 
Competition Hybridization of Repeated Sequences
To pre-anneal major repetitive elements in the PAC, labeled probes were prehybridized with cDNA as follows: ( Condition 1 ) labeled probe was mixed with C OT -1 ™DNA (Life Technologies, Gaithersburg, MD, USA) at 0.5 µ g/ µ L in a final volume of 200 µ L with a salt concentration of 5 ×sodium saline citrate (SSC). The prehybridization mixture was boiled for 5 min, placed on ice for 5 min and then placed at 65°C for 2-3 h. In addition, the high-density cDNA library filters were prehybridized in hybridization buffer (7% sodium dodecyl sulfate [SDS]; 0.5 M sodium phosphate, pH 7.2) and total sheared human placental DNA (Sigma Chemical, St. Louis, MO, USA) at a final concentration of 10 µ g/mL. Competed probes were added to the prehybridization solution and hybridized for 16 h. ( Condition 2 ) to pre-anneal poly-(CA/ GT) sequences, the probes were pre-annealed as described above ( Condition 1 ) with the addition of poly(CA) 20 and poly(GT) 20 (Genset, La Jolla, CA, USA) at 0.5 µ g/ µ L. Filters were washed twice in 2 ×SSC for 30 min each at room temperature and twice again in 2 × SSC for 30 min each at 65°C. Filters were exposed to autoradiographic film (Eastman Kodak, Rochester, NY, USA) with intensifying screens for 24-48 h.
Identification of Positive Clones
Positive hybridization signals were translated to "cDNA id" codes by searching the positive grid coordinates on the filters against a database obtained from the Lawrence Livermore National Laboratory ( ftp://humpty. llnl.gov/pub/image/outgoing ). Clone "id" information was next translated to a GenBank ® accession number using a database obtained from Washington University ( ftp://genome.wustl.edu/ pub/gsc1/est ). Available sequences for positive clones were obtained by searching dbEST ( http://www.ncbi. nlm.nih.gov/dbEST/index.html ) using the appropriate accession numbers.
RESULTS
To assess the feasibility of this approach, PAC GS-8941 was hybridized against half of the cDNA library (6 filters; ca. 100 000 clones) using standard conditions for pre-annealing repetitive DNA elements in the probe and filters ( Condition 1 , Materials and Methods). This experiment resulted in about 50 potentially positive signals of varying intensity per filter or approximately 0.3% positive clones overall. This number is inconsistent with the identification of discrete sequences homologous to those in the PAC. Twenty-five random cDNAs from this experiment, representing a range of weak to intense signals, were selected to investigate the nature of the positive hits. Sequence information was available for 23 of these 25 clones in dbEST and were assessed for homologies to known genes or translated open reading frames (ORFs), in addition to DNA motifs. Two striking results were obtained: (i) 2 of the 25 clones (GenBank Accession Nos. H27605 and R53187) that had the most intense hybridization signals were found to be homologous to the FHIT gene (9) . This is consistent with the identification of exons 4 and 5 of this gene in PAC GS-8941 by other methods (S. Kern and G.M. Hampton, unpublished); (ii) 7 of the 25 clones (ca. 30%), which generally represented the second most intense class of positive signals, contained stretches of repeated dinucleotides, predominantly of the poly(CA) type, ranging in size from 8-26 repeat units in length. The number of clones with these types of DNA motifs is likely to be an underestimation since only small tracts of sequence data were available from the 3 ′ or 5 ′ end of some of these clones.
On the basis of these preliminary results, we reasoned that the efficacy of the hybridization experiments could be increased considerably if the labeled PAC sequences were pre-annealed with poly(CA)/poly(GT) oligonucleotides ( Condition 2 , Materials and Methods). Figure 1 illustrates the remarkable difference in hybridization results obtained on one of the high-density filters after PAC hybridization without (Figure 1A) or with ( Figure 1B ) poly(CA/ GT) blocking. In Figure 1B , the only visibly intense signal represents a cDNA clone homologous to the FHIT gene. Screening of half of the cDNA library using the modified conditions resulted in the identification of three intense positive signals, all of which were found to be homologous to the FHIT gene. These experiments demonstrate the identification of exonic sequences representing as little as 0.2% of the labeled insert size (i.e., ca. 200 of 100 000 bp).
The other PAC in this contig at 3p14.2, GS-9312, was also hybridized across the same half of the cDNA library using the modified oligonucleotide blocking conditions (Figure 2 ). Twenty-one intensely positive signals were identified in this experiment. Of these, sequence information was available for 15 clones, and 14 (93%) were found to be homologous to cyclophilin A (CyP-A), a ubiquitous protein that appears to be the major intracellular target for the immunosuppressive drug cyclosporin (4). Oddly, CyP-A has been mapped to 7q21 (15), a localization inconsistent with this experiment. However, four cyclophilin pseudogenes have recently been mapped, one of which, PPIP-6 , has been localized to chromosome 3 (15) . Thus, it appears that labeling of this pseudogene inter - nally within PAC GS-9312 results in the identification of the expressed 7q21 gene. The processed pseudogene, PPIP-6 , is approximately 1 kb in size, representing <1% of the total PAC insert size.
DISCUSSION
The possibility of rapidly scanning large genomic regions for expressed sequences is highly desirable, both from the point of view of positional cloning projects and transcript mapping as part of the genome project. In this study, we have demonstrated that the use of highdensity gridded cDNA arrays, in conjunction with modified conditions for hybridization of large-insert clones (100-120 kb), results in the identification of small exonic sequences. These sequences constitute as little as 0.2% of the total insert size and represent a major step toward this goal.
The identification of a significant proportion of potentially positive cDNA clones that contained tracts of repeated dinucleotide motifs, particularly poly(CA), was initially surprising. However, since these motifs are ubiquitous throughout the genome, including the 5 ′ and 3 ′ regions of untranslated coding sequences, it is perhaps not unexpected that segments of large insert clones will identify such a subset of genes in a nonspecific manner under sensitive hybridization conditions. Competitive hybridization with poly (CA/GT) oligonucleotides resulted in a dramatic difference in hybridization quality, since the only positive signals detectable were consistent with the presence of known exons within one of the PAC clones (Figures 1 and 2 ) used in these experiments.
Since the majority of I.M.A.G.E. cDNA clones that comprise the filter set used here (ca. 200 000) have been partially sequenced at the 5 ′ and/or 3 ′ ends, we can estimate the efficiency of the hybridization protocol by comparing the number of known FHITgene sequences in the library to the number of FHITcDNA clones identified by PAC hybridization. At this time, 9 sequences homologous to the FHIT gene have been identified (information obtained from "UniGene" at www. ncbi.nlm.nih.gov/schuler/unigene/ ). Of these, partial sequence from both the 5 ′ and 3 ′ ends of 7 of the clones is available. Analysis of these sequences shows that all 7 contain a significant portion of the FHITcoding sequence, including exons 4 and 5, which are contained in PAC GS-8941. Since this PAC was hybridized across half of the library, one would expect identification of between 4 and 5 of the 9 FHIT cDNAs. In these experiments, hybridization with PAC GS-8941 resulted in the identification of 3 (60%-80% of the expected number), implying that the method is efficient.
There are many advantages to this approach. First, the method is rapid. Second, transcriptional information from a defined genomic region is possible without recourse to any clone manipulation during the initial phases of a project, since at least some sequence information is available for most of the I.M.A.G.E. cDNA clones. Third, as of June, 1996, 51 of 62 positionally cloned genes (82%) that are mutated in human disease states are represented by exact matches in dbEST, suggesting a high likelihood of identifying most genes of interest in this set of cDNA clones. Fourth, many of these ESTs have been localized to chromosomes, adding further information to the results of these experiments.
As with any approach, however, there are caveats to the use of hybridization. Of particular importance is the level of transcription of the gene or genes within a region of interest. Obviously, if the gene in question is expressed at very low levels, hybridization approaches may not lead to its identification; other approaches, such as those outlined in the introduction, might then be more appropriate. Also, we do not know the lower limit of exonic sequence detection: the limit we have established here is approximately 200 bp per 100 000 bp (0.2%) labeled. Nonetheless, the effort involved in this hybridization strategy is minimal in comparison to other techniques and represents an excellent methodology for a first approach at gene identification.
